It is as yet unknown how the assembly of connexins (Cx) into gap junctions (GJ) is initiated upon cell-cell contact. We investigated whether the trafficking and assembly of Cx43 and Cx32 into GJs were contingent upon cell-cell adhesion mediated by E-cadherin. We also examined the role of the carboxyl termini of these Cxs in initiating the formation of GJs. Using cadherin and Cx-null cells, and by introducing Cx43 and Cx32, either alone or in combination with E-cadherin, our studies demonstrated that E-cadherin-mediated cell-cell adhesion was neither essential nor sufficient to initiate GJ assembly de novo in A431D human squamous carcinoma cells. However, E-cadherin facilitated the growth and assembly of preformed GJs composed of Cx43, although the growth of cells on Transwell filters was required to initiate the assembly of Cx32. Our results also documented that the carboxyl termini of both Cxs were required in this cell type to initiate the formation of GJs de novo. Our findings also showed that GJ puncta composed of Cx43 co-localized extensively with ZO-1 and actin fibers at cell peripheries and that ZO-1 knockdown attenuated Cx43 assembly. These findings suggest that the assembly of Cx43 and Cx32 into GJs is differentially modulated by E-cadherin-mediated cell-cell adhesion and that direct or indirect cross-talk between carboxyl tails of Cxs and actin cytoskeleton via ZO-1 may regulate GJ assembly and growth.
Gap junctions are conglomerations of intercellular channels that permit the direct exchange of ions, second messengers, and other molecules of less than 1500 Da between the cytoplasmic interiors of contiguous cells. The channels are composed of a family of proteins called connexins (Cx) 2 that are designated according to their molecular mass (1) . The assembly of Cxs into GJs is a multistep process. The newly synthesized Cxs are cotranslationally inserted into the endoplasmic reticulum, which oligomerize to form hexamers called connexons. The connexons are delivered to the cell surface via Golgi and trans-Golgi network in small vesicles and dock with the connexons in the contiguous cell membranes to form intercellular channels. A GJ plaque is formed when several intercellular channels cluster (2, 3) . Because of the short half-life of Cxs (2-5 h), the plaque is in a dynamic state and is thought to model and remodel constantly through recruitment of newly synthesized connexons to the periphery and through endocytosis of moribund plaque components from the center or through the endocytosis of the plaque in its entirety (4 -7) . Although much has been learned about the intracellular transport of Cxs, the delivery of connexons to the cell surface, the formation of cell-to-cell channels, the spatio-temporal events and cellular factors required for the initial docking of connexons, the de novo formation of a nascent GJ plaque, its growth, and disassembly are poorly understood (2, 8) .
The proximity between the plasma membranes of adjoining cells is, a priori, necessary for the formation of GJs, and cell-cell adhesion has been thought to facilitate this process. Cell-cell adhesion is mediated by cadherins, which belong to a large family of transmembrane proteins. Of all the cadherins, the most predominant isoform expressed in epithelial cells is the epithelial (E)-cadherin (9 -11) . Apart from controlling the formation of tight junctions and desmosomes, forced expression of E-cadherin has been shown to restore cell-cell adhesion and induce GJ assembly, and abolition of cadherin mediated cell-cell adhesion has been shown to disrupt the assembly (12) (13) (14) (15) . Despite these studies, the possible mechanism(s) by which cadherins might regulate GJ assembly have yet to be explored. The importance of undertaking these studies is underscored by the fact that dysfunctional E-cadherin-mediated cell-cell adhesion as well as aberrant assembly of Cxs into GJs are the hallmarks of cancer progression (16 -18) .
Here we sought to investigate if cell-cell adhesion mediated by E-cadherin expression was sufficient by itself to induce the assembly of Cxs into GJs or whether additional events were required. Because both cadherins and Cxs belong to a large family of related proteins, and most cells in vivo and in vitro are likely to express more than one family member (2, 10, 18) , we thought to delineate these mechanisms in a cell culture model system that was Cx-and cadherin-null and where cadherins and Cxs could be introduced either alone or in combination (19, 20) . Moreover, we rationalized that if the expression of a cadherin or cell-cell adhesion mediated by it per se was the sole determinant of the assembly of Cxs into GJs, then the assembly should be independent of the subtype of Cx introduced. Furthermore, because some Cxs are expressed in a tissue-specific manner (18) , and have divergent carboxyl termini that might interact with the cadherins directly or indirectly to regulate GJ assembly (2, 18, 21, 22) , we also assessed the role of these termini in initiating the formation of GJs in the presence and absence of E-cadherin.
Using cadherin-and Cx-null A431D cells, derived from human squamous carcinoma cell line A431 (19, 20) , and by introducing Cx43, a ubiquitously expressed Cx (22) , and Cx32, a Cx preferentially expressed by the well differentiated and polarized cells (23) , either alone or in combination with E-cadherin, we show that E-cadherin-mediated cell-cell adhesion facilitates the growth and assembly of only preformed GJs but is not sufficient to trigger the assembly of GJs de novo. We also show that in this cell system the carboxyl termini of Cx32 and Cx43 are required to initiate the formation of GJs de novo. Finally, our findings suggest a role for ZO-1 and actin filaments in initiating the formation or stabilization of GJs. Our data imply that the assembly of different Cxs into GJs is governed in a complex manner by E-cadherin, which in turn may depend on the motifs in the Cxs themselves and additional proteins that permit or impede docking of connexons and clustering of gap junctional channels.
MATERIALS AND METHODS
Cell Culture-The characterization of cadherin-null A431D and its E-cadherin-expressing counterpart, A431DE, has been described (19) . These cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 2.5% defined fetal bovine serum and 2.5% bovine growth serum (Hyclone, Salt Lake City, UT) in an atmosphere of 5% CO 2 , 95% air. A431DE cells were maintained in complete medium containing puromycin (2 g/ml). Connexin-expressing A431D and A431DE clones were isolated as described (see under "Retrovirus Production and Infection of Cells") and maintained, respectively, in complete medium containing G418 (200 g/ml) and G418 plus puromycin. The retroviral packaging cell line Phoenix 293 was grown in RPMI 1640 medium containing 5% defined fetal bovine serum as described previously (24) . HeLa cells were grown in Dulbecco's modified Eagle's medium containing 5% fetal bovine serum.
Plasmids, Retroviral Vectors, and Other Recombinant DNA Constructs-Retroviral vectors, LXSN, LXSNCx32S, and LXSNCx43S, containing rat Cx32 and Cx43 cDNAs, respectively, were constructed as described previously (24 -26) . The carboxyl-terminally tagged pCx43-EYFP was constructed in the pEYFP-N1 vector as described previously (25) . Carboxylterminally tagged pCx32-EYFP was constructed as described previously (27) . Untagged carboxyl-terminally truncated pCx⌬233, pCx⌬257, and pCx⌬363 and carboxyl-terminally tagged truncated pCx43⌬233-EYFP and pCx43⌬257-EYFP were engineered in the pcDNA3.1 and pEYFP-N1 vector using standard PCR-based cloning methods using LXSNCx43S as a template. The PCR amplifications were performed using the forward 5Ј-GCCTCGAGATGGGTGACTGGAGT-3Ј and the  reverse primers 5Ј-CCGTGGATCCCTGAAGAAGACGTA-3Ј (for pCx43⌬233-EYFP), 5Ј-CCGTGGATCCCTTGATGG-GCTCAG-3Ј (for pCx43⌬257-EYFP), and 5Ј-CCGTGGATCC-ACTGCTGGAAGGTCGTTGGTCCA-3Ј (for pCx43⌬363) . The forward and reverse primers, as underlined, were designed to contain XhoI and BamHI sites, respectively. The PCR products were first purified using QIAquick PCR purification kit (Qiagen, Valencia, CA) and, after digesting with XhoI and BamHI, were subcloned between XhoI-and BamHI-digested pEYFP-NI vector. pCx32⌬220-EYFP was constructed by PCR using LXSNCx32S as a template. For PCR, the following primers were used: forward primer 5Ј-GCCGAATTCATGAACT-GGACAGGTC-3Ј and the reverse primer 5Ј-CCGTGGATCC-CAACGGCGGGCACAG-3Ј. The forward and reverse primers contained EcoRI and BamHI sites, respectively, as underlined. The purified PCR products were cloned into EcoRI/BamHIdigested pEYFP-NI. The entire coding sequences of EYFPtagged full-length and truncated Cx43 and Cx32 chimeras were then subcloned into retroviral vector LXSN using standard recombinant DNA methodology. All recombinant DNA constructs were verified by DNA sequencing.
Transient Transfection-Phoenix 293T cells (1 ϫ 10 6 ) were seeded in 10-cm dishes in 10 ml of complete medium. HeLa cells were seeded at a density of 2.5 ϫ 10 5 cells per well in 2 ml of complete medium on glass coverslips in 6-well clusters or at a density of 7.5 ϫ 10 5 cells per 6-cm dish in 4 ml of complete medium. Twenty four hour post-seeding, cells were transfected with appropriate plasmids using FuGENE 6 Transfection Reagent (Roche Diagnostics) as per the manufacturer's instructions with DNA (in micrograms) to FuGENE (in l) ratio of 1:3. The medium was replaced with fresh medium 8 h post-transfection.
Retrovirus Production and Infection of Cells-Control and recombinant retroviruses harboring full-length and mutant Cxs and their EYFP-tagged chimeras were produced in Phoenix 293T cells as described previously (24) . A431D and A431DE cells were multiply infected with various recombinant retroviruses and selected in either G418 (400 g/ml) or in puromycin (2 g/ml) for 2-3 weeks in complete medium. Glass cylinders were used to isolate individual antibiotic-resistant clones, which were expanded, frozen, and maintained in G418 (200 g/ml) and in G418 and puromycin (2 g/ml).
Cell Surface Biotinylation Assay-Cells (5 ϫ 10
5
) were seeded in 6-cm dishes in 4 ml of complete medium and grown to 80 -90% confluence. Cell surface biotinylation was performed at 4°C. In brief, cells were incubated with freshly prepared EZ-Link TM Sulfo-NHS-SS biotin reagent (Pierce) at 0.5 mg/ml in phosphate-buffered saline (PBS) supplemented with 1 mM CaCl 2 and 1 mM MgCl 2 (PBS-PLUS) for 1 h. The reaction was quenched with PBS-PLUS supplemented with 20 mM glycine. Cell lysis and affinity precipitation of biotinylated proteins were performed as described previously (28) with the following modification. After cell lysis, 100 g of total protein was incubated with 50 l of streptavidin-agarose beads (Pierce) on a rotator overnight at 4°C. The streptavidin-bound biotinylated proteins were eluted by incubating the beads for 30 min in 1ϫ SDS loading buffer. The samples were resolved by SDS-PAGE followed by Western blotting using appropriate antibodies. As an input, an equal amount of total protein (10 g) was also subjected to SDS-PAGE and Western blot analysis. Protein concentration was determined using BCA reagent (Pierce).
Detergent Extraction and Western Blot Analysis of Connexin43 and Connexin32-Cell lysis, detergent solubility assay with Triton X-100, and Western blot analysis were performed as described previously (24, 28) . In brief, 1 ϫ 10 6 cells were seeded per 10-cm dish in 10 ml of complete medium and grown to confluence. Cells were then lysed in buffer SSK (10 mM Tris, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 10 mM N-ethylmaleimide, 10 mM Na 2 VO 4 , 10 mM iodoacetamide, 0.5% Triton X-100, pH 7.4) supplemented with the protease inhibitor mixture (Sigma). For the detergent solubility assay, the concentration of Triton X-100 was raised to 1% before ultracentrifugation at 100,000 ϫ g for 60 min (35,000 rpm in analytical Beckman ultracentrifuge; model 17-65 using an SW50.1 rotor). The detergent-insoluble pellets were dissolved in buffer C (70 mM Tris/HCl, pH 6.8, 8 M urea, 10 mM N-ethylmaleimide, 10 mM iodoacetamide, 2.5% SDS, and 0.1 M dithiothreitol). Following normalization based on cell number, the total Triton X-100-soluble and -insoluble fractions were mixed with 4ϫ SDS-loading buffer to a final concentration of 1ϫ and boiled at 100°C for 5 min (for Cx43) or incubated at room temperature for 1 h (for Cx32) before SDS-PAGE analysis.
Gene Knockdown by RNA Interference-SMARTpool siRNA against ZO-1 (TJP-1; catalogue no. L-007746-00) and DY-547-labeled siGLO RISC-free control siRNA (catalogue no. D-001600-01) were obtained from Thermo Fisher Scientific/ Dharmacon RNA Interference Technologies. DY-547-labeled siGLO Lamin A/C siRNA (catalogue no. 001620-02) was used as a positive control. The 40 M stock solution of the oligonucleotides was prepared using 1ϫ siRNA buffer (Thermo Fisher Scientific). A431D-43 and A431DE-43 cells, seeded on glass coverslips in 12-well clusters, 8 ϫ 10 4 cells/well, were transfected with the oligonucleotides using Oligofectamine (Invitrogen) as per the manufacturer's instructions. The final concentration of the oligonucleotides in each experiment was 130 nM. The efficiency of knockdown was assessed by immunoblotting and immunocytochemical analyses 72 h post-transfection. The final concentrations of the oligonucleotides as well as the duration of treatment were empirically determined from several pilot experiments. Detergent (Triton X-100) Extraction of Cells in Situ-Live cells were extracted in situ with 1% Triton X-100 essentially as described previously (28) . In brief, 2.5 ϫ 10 5 cells were seeded per well in 6-well clusters containing glass coverslips. After 24 h, the cells were rinsed once in PBS and then incubated in isotonic medium (30 mM HEPES, pH 7.2, 140 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 300 mM sucrose) supplemented with the protease inhibitor mixture (Sigma) for 60 min at 4°C in the presence and absence of 1% Triton X-100. The dishes were gently swirled intermittently. Following incubation, cells were fixed and immunostained with appropriate primary and secondary antibodies as described below.
Antibodies and Immunostaining-Rabbit polyclonal antibody against Cx43 and hybridoma M12.13 (a gift from Dr. Dan Goodenough, Harvard University) have been described earlier (26) . Rabbit anti-EEA-1 (PA1-063) was obtained from Affinity BioReagents (Golden, CO). Mouse anti-occludin (clone OC-3F10) was from Zymed Laboratories Inc.. Rabbit anti-␣-catenin, rabbit anti-␤-catenin, rabbit anti-Cx32, and mouse anti-␤-actin (clone C-15) antibodies were from Sigma. Mouse anti-ZO1 (610967) and mouse anti-GM130 (610822) antibodies were obtained from BD Transduction Laboratories. Rabbit anti-green fluorescent protein antibody (A6455) and Alexa Fluor 350-conjugated phalloidin were obtained from Invitrogen. Mouse anti-E-cadherin, mouse anti-␣-catenin, and mouse anti-␤-catenin antibodies have been described previously (19, 24, 29) . We also used many other antibodies, both mouse monoclonal and rabbit polyclonal, against Cx43 to detect various phosphorylated forms. These antibodies are described in supplemental Fig. S3 legend.
Cells were immunostained after fixing with 2% paraformaldehyde for 15 min as described previously (24) . In brief, 2.5 ϫ 10 5 cells were seeded per well in 2 ml of complete medium in 6-well clusters containing glass coverslips. After 48 h, cells were fixed and immunostained at room temperature with various antibodies at appropriately calibrated dilutions. Secondary antibodies (rabbit or mouse) conjugated with Alexa Fluor 488 and Alexa Fluor 594 were used as appropriate. Images of immunostained cells were acquired with Leica DMRIE microscope (Leica Microsystems, Wetzler, Germany) equipped with Hamamatsu ORCA-ER CCD camera (Hamamatsu City, Japan) using 63ϫ oil objective (NA 1.35). For co-localization studies, serial z-sections (0.3-0.5 m) were collected and analyzed using image-processing software (Openlab 4.0 and Volocity 4.2.2, Improvision, Lexington, MA). SlowFade (Invitrogen) was used to mount cells on glass slides.
Cell Growth on Semi-permeable Filters-Approximately 4 ϫ 10 4 cells were plated onto 12-mm Transwell filters (pore size, 0.4 m; Corning Glass) in complete medium and grown for 3-6 days. Medium of the upper and lower filter chambers was changed on alternate days. The in situ detergent extraction and immunocytochemical analyses were performed directly on filters as described above for cells grown on glass coverslips. After immunostaining, the filters were cut with a sharp scalpel and mounted as follows. The filters were placed on glass slides with their cell side facing up and a drop of SlowFade was placed on top followed by a glass coverslip, which was pressed gently using a 50-g weight overnight. The edges were sealed with nail polish.
Cell Aggregation Assay-The hanging drop suspension culture method was used to test aggregation of parental and Cxexpressing A431D and A431DE cells as described previously (30) . Cells were harvested with trypsin/EDTA and resuspended at 2.5 ϫ 10 5 cells per ml in complete culture medium. A 20-l drop of medium, containing 5 ϫ 10 3 cells, was suspended as a hanging drop from the lid of a 10-cm 2 Petri dish (40 hanging drops per lid). The dish was filled with 10 ml of PBS to prevent drying of the drops. The cells were then allowed to aggregate in a humidified 5% CO 2 incubator at 37°C for 14 -16 h. At the end of the incubation, cells and aggregates were triturated 10 times through a standard 200-l pipette tip to disperse loosely associated cells, and a coverslip was placed gently on top of the cells. The cells were visualized by phase-contrast light microscopy using a 5ϫ objective, and images were captured using a CCD camera (Retiga 2000R, FAST 1394), mounted on Leica DMIRE2 microscope, with the aid of Volocity (Improvision, Lexington, MA). For quantifying the size, the outline of each aggregate was drawn using an ROI tool of the AlphaDigiDoc 1201 software, and the area of each aggregate was measured. All images were analyzed at the same magnification, and the area was recorded as "relative units" for each aggregate. The average area of the aggregates was considered as a measure of aggregate formation and was determined from 30 -35 aggregates.
Gap Junctional Communication Assays-Gap junctional communication was measured by microinjecting the fluorescent tracers Alexa Fluor 488 (570 Da; A-10436) and Alexa Fluor 594 (760 Da; A-10438). The Alexa dyes were obtained from Invitrogen, and their stock solutions (10 mM) were prepared in water as described previously (24) . These fluorescent tracers were microinjected into test cells using Eppendorf InjectMan and FemtoJet microinjection systems (models 5271 and 5242, Brinkmann Instrument, Westbury, NY) mounted on a Leica DMIRE2 microscope as described previously (24) . The microinjected cells were viewed and images captured using a CCD camera (Retiga 2000R, FAST 1394) with the aid of Volocity (Improvision, Lexington, MA). The captured images were stored as TIFF files and processed using Corel Photopaint (Ottawa, Ontario, Canada). Gap junctional communication was quantified as described previously (24 -26) .
Cytochalasin B Treatment-The stock solution of cytochalasin B (Sigma) was prepared in ethanol at 10 mg/ml and was stored at Ϫ20°C in small aliquots. Cells, seeded on glass coverslips, were treated for 1-6 h at 37°C with cytochalasin B at 1 g/ml, which was appropriately diluted in cell culture medium to give the desired concentration. Controls were treated with ethanol alone.
Gap Junction Size Measurement-The length and area of a GJ plaque were measured after in situ extraction of cells with 1% Triton X-100, which removes Cxs and connexons that are not incorporated into GJs (28) , and immunostaining with Cx43 antibody as described above (see under "Detergent Extraction and Western Blot Analysis of Connexin43 and Connexin32"). Images of immunostained cells were acquired with a Leica DMRIE microscope (Leica Microsystems, Wetzler, Germany) equipped with Hamamatsu ORCA-ER CCD camera (Hamamatsu City, Japan) using a 63ϫ oil objective (NA 1.35). Serial z-sections (0.5 m) were collected and subjected to iterative volume deconvolution using Volocity image-processing software (Improvision, Lexington, MA). Single optical section of the deconvolved image was used for measuring GJ size. Each distinct punctum seen at the cell-cell contact site was considered as one GJ plaque. The area of each GJ plaque was analyzed by drawing an ROI around each distinct punctum using the "magic wand" tool of the "Measurement" module of Volocity. The area of each GJ is represented as "pixel count," and one pixel corresponds to 0.01 m 2 . In each captured image, 3-5 puncta were randomly chosen for the measurement of area and length, and between 5 and 15 images were used. For the measurement of GJ length, we used the "line" tool of the measurement module of Volocity to ascribe the farthest visible points along the long axis of each GJ punctum. The length is represented in relative units where "a unit" corresponds to 0.1 m. For determining the number of GJ plaques per cell-cell interface, we used the "merge planes" command of Volocity to merge all planes obtained during Z-sections. We then counted the number of distinct visible puncta along the cell-cell interfaces of two adjoining cells. Only distinct interfaces were chosen for these measurements at random to avoid ambiguity with regard to the localization of the puncta, and 60 -70 interfaces were measured from three independent experiments.
Statistical Analysis-The statistical significance between groups was calculated by standard Student's t test using means Ϯ S.E. and the entire sample size. These values were calculated using SigmaPlot 11 (Systat Software, Inc., San Jose, CA).
RESULTS

Differential Assembly of Connexin43 and Connexin32 into
Gap Junctions-A431D cells, derived from human squamous carcinoma cell line A431, are devoid of E-cadherin or N-cadherin. Moreover, although the expression of desmosomal cadherins (desmocollins and desmogleins) was not affected, A431D cells do not form adherens junctions, desmosomes, and tight junctions and are devoid of cell-cell adhesion. Furthermore, the half-life of adherens junction-associated proteins, ␣-and ␤-catenin, is severely reduced (19, 20) . We introduced Cx43 and Cx32 into cadherin-null (A431D) and E-cadherinexpressing (A431DE) cells using recombinant retroviruses LXSNCx43S and LXSNCx32S as described previously (24, 26) . A431D cells do not express these Cxs detectably. Fig. 1 shows the expression level of Cx43 (C) and Cx32 (D) in representative clones derived from cadherin-null A431D (A431D-43 and A431D-32) and cadherin-expressing A431DE (A431DE-43 and A431DE-32) cells. These clones were chosen on the basis of equal expression of both Cxs and E-cadherin as assessed by the densitometric scanning of Western blots. For the sake of simplicity, these clones will be referred to as cells in subsequent studies. Immunocytochemical analysis showed that Cx43 assembled into GJs both in cadherin-null A431D-43 and E-cadherin-expressing A431DE-43 cells (Fig. 1A , upper panels), whereas Cx32 failed to assemble into GJs and appeared to form intracellular aggregates of variable size both in A431D-32 and A431DE-32 cells (Fig. 1A, lower panels) .
In E-cadherin-expressing A431DE-43 cells, Cx43 clearly appeared to form larger GJs as compared with cadherin-null A431D-43 cells (Fig. 1A , compare the size of GJ puncta in upper left panel with the right panel). We therefore determined the size and area of 100 -200 individual gap junctional puncta (supplemental Fig. S1 ) as well as the mean number of gap junctional puncta per cell-cell interface in A431D-43 and A431DE-43 cells (supplemental Fig. S2 ). The size of each fluorescent spot or punctum at the interface was presumed to represent a single GJ plaque (31) . These measurements showed that the mean area and the length of GJ plaques increased nearly 2-fold (supplemental Fig. S1 ), and the mean number of GJ puncta per interface was decreased 2-fold (supplemental Fig. S2 ) in A431DE-43 cells compared with A431D-43 cells. It is worth noticing that the polyclonal antibody used to probe these blots (catalogue no. 6219, Sigma) predominantly detected only one major form of Cx43 in A431D-43 and A431DE-43 cells and in other cell lines that differ widely in their capacity to form GJs used in our earlier studies (supplemental Fig. S3 ). However, both phosphorylated and nonphosphorylated bands were detected when the blots were probed with anti-Cx43 antibody raised against residues 252-271 (both monoclonal and polyclonal) or with other antibodies, some of which were phosphospecific (supplemental Fig. S3 ). Although the resolving power of the SDS-polyacrylamide gels did not permit us to establish a correlation between a specific phosphorylated form of Cx43 and its ability to assemble into GJs, the above data suggest that, as is observed in several other cell lines that assemble GJs, Cx43 in A431D-43 and A431DE-43 cells is phosphorylated similarly before its assembly into GJs.
Consistent with the earlier studies (19) , E-cadherin expression also stabilized adherens junction-associated proteins ␣-and ␤-catenins (Fig. 1, C and D) , and recruited them to cell-cell contact areas (Fig. 1B , compare left panels with the right panels). Expression of Cx43 and Cx32 neither induced nor modulated E-cadherin-mediated cell-cell adhesion in cadherin-null and E-cadherin-expressing cells as assessed by conventional hanging drop assay (supplemental Fig. S4 ). This assay measures the rate and strength of cell-cell adhesion based on the sizes of cell aggregates formed over time from single cells as well as the resistance of the formed aggregates to a shearing force FIGURE 1. Isolation of A431D and A431DE clones expressing equal levels of connexin32 and connexin43. A431D and A431DE cells were infected with LXSN, LXSNCx32S, and LXSNCx43S and selected as described (see under "Materials and Methods"). A, localization of Cx43 and Cx32 by immunocytochemical analyses. A431D-43, A431DE-43, A431D-32, and A431DE-32 cells were immunostained for Cx43 and Cx32. Note that Cx43 assembles into GJs in the absence (ϪE-cad) and in the presence (ϩE-cad) of E-cadherin (E-cad), whereas Cx32 remains intracellular and fails to assemble. Note also that Cx43 forms larger GJs in E-cadherin-expressing cells. B, E-cadherin expression recruits ␣-catenin (␣-cat) and ␤-catenin (␤-cat) to cell-cell contact areas. A431D and A431DE cells were immunostained for ␣-and ␤-catenins. Note localization of both catenins at cell-cell contact areas in A431DE but not in A431D cells. C and D, expression level of Cx43 (C) and Cx32 (D) and E-cadherin, ␤-catenin, ␣-catenin, and occludin in parental (A431D and A431DE) cells and in cells infected with LXSN (A431D-NEO and A431DE-NEO), LXSNCx43S (A431D-43 and A432DE-43), and LXSNCx32S (A431D-32 and A431DE-32). Ten micrograms of total protein was resolved on 12% SDS-PAGE and immunoblotted for Cx32, Cx43, E-cadherin, ␤-catenin, ␣-catenin, and occludin. The blots were re-probed with ␤-actin to verify equal loading. Note that Cx43 (C) and Cx32 (D) are expressed only in clones infected with LXSNCx32S and LXSNCx43S, respectively. Note that expression of E-cadherin, ␣-catenin, and ␤-catenin is detected only in A431DE clones. Bar, 15 m. (30, 32) . Only E-cadherin-expressing cells aggregated efficiently (supplemental Fig. S4 , A, lower panels; see also B), whereas cadherin-null cells with or without Cx expression did not (supplemental Fig. S4, A, upper panels; see also B ).
E-Cadherin Expression and the Detergent Solubility of Connexin43 and Connexin32
-To corroborate the immunocytochemical data, we measured the assembly of Cx43 and Cx32 into GJs biochemically (Fig. 2B) , by detergent insolubility assay (28) , and functionally, by measuring the junctional transfer of fluorescent tracer Alexa Fluor 488 (570 Da), Lucifer Yellow (443 Da) and Alexa Fluor 594 (760 Da) (supplemental Fig. S5 and Table 1 ). Moreover, we also examined the detergent solubility of both Cxs upon in situ extraction of live cells with 1% Triton X-100 ( Fig. 2A) . As expected, a significant proportion of Cx43 remained insoluble in 1% Triton X-100 in A431D-43 and A431DE-43 cells (Fig. 2A , compare control and extracted in 1st and 2nd columns, and B, top blot, T ϭ total, S ϭ soluble, and I ϭ insoluble fractions), whereas no insoluble fraction of Cx32 was detected in cadherin-null A431D-32 or E-cadherin-expressing A431DE-32 cells (Fig. 2A , compare control and extracted in FIGURE 2. Detergent-solubility of connexin32 and connexin43 in A431D and A431DE cells. A, assembly of Cxs into GJs was examined in A431D-43, A431DE-43, A431D-32, and A431DE-32 cells upon in situ extraction with 1% Triton X-100 at 4°C (see under "Materials and Methods"). Cells were immunostained for Cx32/Cx43 (green) and E-cadherin (red). Note the disappearance of intracellular, but not junctional, Cx43 and E-cadherin (E-cad) upon extraction. Note also the larger size of Cx43 puncta in A431DE-43 cells and their significant co-localization with E-cadherin under control and Triton X-100-extracted conditions. B, total (T), Triton X-100-soluble (S), and Triton X-100-insoluble (I) fractions from A431D-43, A431DE-43, A431D-32, and A431DE-32 were analyzed by Western blot analysis (see under "Materials and Methods"). Note that although Cx43 is detected in the both detergent-soluble and -insoluble fractions, Cx32 is detected only in the soluble fraction, and E-cadherin expression has no detectable effect on detergent solubility of Cx43. The blots were stripped and re-probed with anti-␤-actin antibody as a loading control. C, connexin expression does not affect the detergent solubility of E-cadherin. Total, Triton X-100-soluble and -insoluble fractions from A431DE, A431DE-43, and A431DE-32 cells were analyzed by Western blot analysis (see under "Materials and Methods"). Note that similar levels of E-cadherin are detected in the detergent-insoluble fraction in all cells. The blots were stripped and re-probed with anti-␤-actin to verify equal loading. Bar, 10 m. 2nd and 4th columns, and B, middle blot). Under similar conditions, the detergent solubility of E-cadherin was not significantly affected as assessed by in situ extraction ( Fig. 2A , compare control and extracted, 2 and 4 columns) and by Western blot analysis (Fig. 2C ). In agreement with the immunocytochemical data, no junctional communication of Alexa Fluor 488 was detected in cadherin-null A431D and A431D-32 and E-cadherin-expressing A431DE and A431DE-32 cells (supplemental Fig. S5 ). On the other hand, Cx43-expressing cells communicated extensively, and cadherin expression had little effect on junctional communication (supplemental Fig. S5 , bottom panels, and Table 1 ). Altogether, the data shown in Figs. 1 and 2 and supplemental Figs. S1-S4 suggest the following. 1) Cx43 is able to assemble into GJs in the absence of E-cadherin, but Cx32 is not.
2) E-cadherin-mediated cell-cell adhesion facilitates the assembly and growth of GJs composed of Cx43.
3) E-cadherin expression alone is not sufficient to induce the assembly of Cx32 into GJs de novo.
Trafficking and Subcellular Localization of Connexin43 and Connexin32 in the Presence and the Absence of E-cadherin-We
next examined whether failure of Cx32 to form GJs was due to its impaired trafficking to the cell surface or a result of endocytosis prior to its assembly into GJs. We used cell-surface biotinylation to determine the trafficking of Cx43 and Cx32 to the cell surface and markers specific for the secretory and the endocytic pathways to examine their subcellular localization in cadherinnull and E-cadherin-expressing cells. As shown in Fig. 3 , both Cx43 (Fig. 3A) and Cx32 (Fig. 3B) were biotinylated significantly in cadherin-null and cadherin-expressing cells. Connexin43 co-localized only partially with the early endocytic marker, EEA1 (Fig. 3C) (33) , whereas Cx32 co-localized extensively (Fig. 3D) . Both Cx43 and Cx32 co-localized with GM130 (supplemental Fig. S6 ), a marker for cis-Golgi (34) and Lamp-1 (data not shown), in cadherin-null and E-cadherin-expressing cells. Taken together, these data suggest that a significant fraction of Cx32 traffics to the cell surface both in the presence and absence of E-cadherin but in contrast to Cx43 is likely endocytosed prior to its assembly into GJs.
Assembly of Connexin32 into Gap Junctions Is Induced in A431D and A431DE Cells When Grown on Trans-Well-permeable Membrane Supports-In contrast to ubiquitous expression of Cx43, the expression of Cx32 is preferentially observed in well differentiated and polarized cells, such as hepatocytes and the secretory cells of exocrine glands (23) . Permeable membrane supports have been widely used as surrogate substrates to mimic the milieu encountered by epithelial cells in vivo and to induce polarized and differentiated cell states (35) . Hence, we investigated if the assembly of Cx32 into GJs could be induced upon growing cadherin-null A431D-32 and E-cadherin-expressing A431DE-32 cells on Transwell filters. When grown on Transwell filters for 3-6 days (see under "Materials and Methods"), A431D and A431DE cells became more columnar, as assessed by a 2-fold increase in cell height compared with cells grown on plastic or glass coverslips (supplemental Fig. S7, A and B) , but failed to attain a fully polarized state as assessed by the random orientation of Golgi stacks (GM130 staining), distribution of ␤1-integrin, and Na-KATPase (supplemental Fig. S7B) , and ZO-1 (supplemental Fig. S7A , red) at the apical and basolateral domains (35) . However, despite incomplete polarization, Cx32 assembled into discrete GJ puncta (Fig. 4A) , which remained Triton X-100-insoluble upon in situ extraction (Fig. 4B) . Such puncta were not observed in cells grown on glass coverslips in parallel (supplemental Fig. S8A ). As assessed visually, E-cadherin expression seemed to have little effect on the number and size of Cx32 GJs assembled in filter-grown A431D and A431DE cells (Fig. 4A) .
We also found that the assembly of Cx43 into GJs appeared to be slightly enhanced when cadherinnull A431D-43 cells were grown on Transwell filters (supplemental Fig.  S8B ) as compared with cells grown on glass coverslips in parallel experiments (supplemental Fig. S8C) ; however, E-cadherin expression had no further effect (supplemental Fig. S8B ). Also, neither the expression of E-cadherin in A431D cells nor punctate immunostaining characteristics of GJs were observed in parental A431D and A431DE cells grown on Transwell filters (data not shown). To assess if the detergent-resistant puncta represented functional GJs, we measured the junctional transfer of fluorescent tracers, Lucifer Yellow (443 Da), Alexa Fluor 488 (570 Da), and Alexa Fluor 594 (760 Da) by microinjection. Intriguingly, we found that filter-grown A431D-32 and A431DE-32 cells did not communicate (Table 2 ). These findings suggest that the filter-grown A431D-32 and A431DE-32 cells acquire a partially polarized physiological state that is conducive for the assembly of Cx32 into GJs, but the junctional channels stay closed and do not permit the passage of molecules Ն443 Da. Moreover, the data also suggest that assembly of Cx43 is enhanced upon partial polarization independent of E-cadherin expression when cells acquire a columnar phenotype.
Carboxyl Termini of Connexin43 and Connexin32 Are Required to Initiate Gap Junction Assembly in A431D Cells-The findings reported above showed that Cx43 was assembled into GJs in cadherin-null cells in the absence of measurable cell-cell adhesion, and E-cadherin-mediated cell-cell adhesion enhanced the assembly further. On the other hand, the assembly of Cx32 into GJs was contingent upon acquisition of partially polarized state. Because the carboxyl termini of Cx43 and Cx32 have been shown to interact with many proteins (21, 22, 36) , we examined if they were required for GJ assembly in A431D and A431DE cells. To test this notion, we generated the following EYFPtagged chimeras of Cx43 and Cx32: 1) Cx43-EYFP, which does not bind to the second PDZ domain of ZO-1 (37); 2) Cx43⌬363, from which ZO-1 binding domain has been deleted (38, 39); 3) Cx43⌬257, from which 135 amino acids that harbor most of the potential phosphorylation sites and the known interacting motifs, including the ZO-1-binding site, have been deleted; 4) Cx43⌬257-EYFP; 5) Cx43⌬233, from which 159 amino acids comprising the entire carboxyl terminus have been deleted, including the tubulin-binding site (38, 39); 6) Cx43⌬233-EYFP; 7) Cx32-EYFP; 8) Cx32⌬220, which assembles into GJs but is devoid of most of the carboxyl terminus (24); and 9) Cx32⌬220-EYFP.
Cadherin-null A431D and E-cadherin-expressing A431DE cells were infected with the recombinant retroviruses harboring these chimeras, along with the untagged Cx43 and Cx32, and the formation of GJs was investigated immunocytochemically in polyclonal cultures, pooled from 50 to 100 clones, within four to six population doublings. In addition, the same chimeras were also introduced into HeLa cells, which have been widely used to examine the assembly of various Cxs into GJs (7, 40, 41) , and into LNCaP prostate cancer cells used in our laboratory (24) . We found that chimeras Cx43-EYFP, Cx43⌬363, Cx43⌬257, Cx43⌬257-EYFP, Cx43⌬233, and Cx43⌬233-EYFP failed to assemble into GJs in A431D and A431DE cells seeded on glass coverslips and remained either intracellularly or diffusely distributed at the regions of cell-cell contact (Fig. 5) as compared with untagged Cx43 (Fig. 5, 4th column; see also Figs. 1-3) . Moreover, all truncated, untagged, and EYFP-tagged mutants and chimeras of Cx43 could be extracted with 1% Tri-FIGURE 5. Carboxyl-terminally truncated untagged and EYFP-tagged chimeras of Cx43 fail to assemble into gap junctions. Polyclonal cultures of A431D and A431DE cells expressing Cx43⌬233, Cx43⌬233-EYFP, Cx43⌬257, Cx43⌬257-EYFP, Cx43⌬363, Cx43⌬363EYFP, Cx43, and Cx43-EYFP were grown on glass coverslips. Cells expressing untagged Cx43 and truncated mutants were immunostained with polyclonal antibody raised against amino acid residues 252-271 of Cx43 (see under "Materials and Methods"). Note that all truncated and EYFP-tagged chimeras of Cx43 remain intracellular, whereas untagged Cx43 is assembled into GJs in cadherin-null (A431D) and E-cadherin-expressing (A431DE) cells. Note that the localization pattern of untagged versus EYFP-tagged full-length and mutant Cx chimeras appears to be different partly due to the brighter diffuse EYFP fluorescence of tagged Cx mutants compared with untagged Cx mutants, which were detected immunocytochemically. All EYFP-tagged and carboxyl-terminally truncated mutants are lost upon in situ extraction (data not shown). Bar, 10 m.
ton X-100, suggesting that they had not assembled into GJs (data not shown). Functional studies showed that these cells did not permit the transfer of fluorescent tracer Alexa Fluor 488, Lucifer Yellow, and Alexa Fluor 594 (Table 3 ). We also found that, when grown on Transwell filters, Cx32⌬220 and Cx32⌬220-EYFP formed intracellular aggregates of variable size that appeared to be distributed throughout the cytoplasm both in A431D and A431DE cells (Fig. 6, top panels) . Moreover, these aggregates or puncta were lost upon in situ extraction with 1% Triton X-100 (Fig. 6, bottom panels) as compared with full-length Cx32 (Fig. 4) and Cx32-EYFP which formed GJs (data not shown).
Next, we investigated whether the assembly of these Cx43 chimeras could be induced upon growing cells on Transwell filters. We found that these chimeras failed to form GJs, remained intracellular or diffusely localized at the areas of cell-cell contact, and were lost upon in situ extraction with 1% Triton X-100 (supplemental Fig. S9 , compare control and extracted). In contrast, Cx43-EYFP and Cx43⌬257-EYFP formed large GJs in HeLa and LNCaP cells (supplemental Fig. S10A) , and Western blotting performed in HeLa cells confirmed that chimeric Cxs were stable and migrated at the predicted size (supplemental Fig. S10B ). Consistent with the earlier studies (39), we found that Cx43⌬233-EYFP, in which the tubulin-binding site had been deleted, remained intracellular in HeLa cells (supplemental Fig. S10A, left panels) . Moreover, in LNCaP cells, Cx32, Cx32-EYFP, Cx32⌬220, and Cx32⌬220-EYFP were expressed appropriately and formed GJs (supplemental Fig. S10D ) (24) . These data suggest that carboxyl terminus of Cx43 and Cx32 is required to form GJs in A431D cells.
Connexin43, ZO-1, and Actin Co-localize as Discrete Puncta at Cell-Cell Contact Sites-Previous studies showed that Cx43
interacted with the second PDZ domain of ZO-1 (39, 42) . Addition of EYFP tag to full-length Cx43 has been shown to abolish its interaction with ZO-1 (37) . Moreover, the interaction of ZO-1 with Cx43 has been shown to influence GJ assembly and dynamics (22) . Because chimeras Cx43-EYFP and Cx43⌬257-EYFP failed to form GJs in A431D-43 and A431DE-43 cells, but formed larger GJs in HeLa and LNCaP cells, we studied the subcellular localization of ZO-1 and Cx43 in cells expressing full-length Cx43 and EYFP-tagged chimeras in A431D-43 and FIGURE 6. Carboxyl-terminally truncated untagged and EYFP-tagged chimera of Cx32 fail to assemble into gap junctions. Polyclonal cultures of A431D and A431DE cells expressing Cx32⌬220 and Cx32⌬220-EYFP were grown on Transwell filters and were extracted in situ with 1% Triton X-100 (see under "Materials and Methods"). Note that both Cx32⌬220 and Cx32⌬220-EYFP remain as scattered intracellular puncta or aggregates that are lost upon detergent extraction. Note that the localization pattern of untagged versus EYFP-tagged full-length and mutant Cx chimeras appears to be different partly due to the brighter diffuse EYFP fluorescence of tagged Cx mutants compared with untagged Cx mutants, which were detected immunocytochemically. Bar, 20 m. 
Cell line
Lucifer Yellow Alexa Fluor 488 Alexa Fluor 594 A431DE-43 cells. First, we found that ZO-1 was localized as discrete puncta at cell-cell contact regions (Fig. 7, top row, middle panels) . Second, ZO-1 co-localized extensively with untagged Cx43 (Fig. 7, rows 1 and 2) at the areas of cell-cell contact and not at intracellular sites. Third, as expected, ZO-1 did not co-localize with Cx43-EYFP (Fig. 7, rows 3 and 4) or with Cx43⌬257 and Cx43⌬363 (data not shown). Fourth, there was no noticeable difference in the pattern and the extent of co-localization of Cx43 and ZO-1 between A431D-43 and A431DE-43 cells.
Apart from binding to ␣-catenin, occludin, and claudins, ZO-1 has also been shown to bind actin (43, 44) . Because Cx43 and ZO-1 co-localized extensively at the areas of cell-cell contact, and the fact that actin has been documented to play a critical role in the establishment and/maintenance of adherens and tight junctions (35, 45, 46) , we examined the role of actin in GJ assembly. To test this notion, we immunostained Alexa Fluor 350-conjugated phalloidinlabeled A431D-43 and A431DE-43 cells for Cx43 and ZO-1 using Alexa Fluor 594-and Alexa Fluor 488-conjugated secondary antibodies. Fig. 8 shows that Cx43 and ZO-1 puncta appeared to associate with the actin fibers lining the cell peripheries.
To explore further the relationship between Cx43, ZO-1 and actin, we examined the effect of disrupting actin filaments on GJ assembly. Cells were treated with cytochalasin B (1 g/ml) for 1-6 h, and the localization of F-actin, Cx43, and ZO-1 was examined as described above. Fig. 9 shows that in cadherin-null A431D-43 cells, cytochalasin B disrupted cortical F-actin and GJ puncta, which were displaced to subcellular compartments. These changes were observed as early as 1 h after treatment (Fig. 9, compare  rows 1 and 2) . On the other hand, in cadherin-expressing A431DE-43 cells, cytochalasin B failed to disrupt gap junctional plaques noticeably, and Cx43 and ZO-1 persisted as puncta at cell-cell contact areas (Fig.  9, compare rows 3 and 4 ) even up to 6 h (supplemental Fig. S11) . Moreover, the depolymerization of actin itself appeared to have been delayed in A431DE-43 cells (supplemental Fig. S11 ). Also, we found that in cytochalasin B-treated A431D-43 cells, Cx43 and ZO-1 puncta appeared to co-localize in subcellular compartments, suggesting that they might have internalized together. Altogether, the above data suggest that intimacy between Cx43 and F-actin via ZO-1 may be required to maintain or stabilize GJ plaques. Moreover, the data also suggest that E-cadherin might facilitate the stabilization of gap junctional plaques via the direct or indirect interaction of plaque components with actin filaments.
ZO-1 Knockdown Attenuates Gap Junction Formation-To test directly if ZO-1 was required for the formation and/or maintenance of GJs, we silenced its expression by siRNAs in A431D-43 and A431DE-43 cells. For these experiments, we FIGURE 7. Gap junction assembly-dependent co-localization of connexin43 and ZO-1. Polyclonal cultures of A431D-43 and A431DE-43 cells, seeded on glass coverslips, were fixed, permeabilized, and immunostained for Cx43 (green) and ZO-1 (red), whereas those of Cx43-EYFP were immunostained for ZO-1 (see under "Materials and Methods"). The insets show the magnified images of co-localized Cx43 and ZO-1 puncta. Note that only untagged Cx43 is assembled into GJs and is co-localized with ZO-1. Note also that ZO-1 and Cx43-EYFP do not co-localize significantly. Bar, 10 m.
used Dharmacon control siGLO and Smart Pool ZO-1 siRNAs. We first optimized experimental conditions, both duration and concentration of siRNAs, to achieve near 100% transfection efficiency in A431D-43 and A431DE-43 cells (supplemental Fig. S12A , and see "Materials and Methods"). As assessed by Western blot analysis of the total cell lysates, we consistently observed a robust 80 -90% knockdown of ZO-1 (Fig.  10A) . Immunocytochemical analysis showed that ZO-1 knockdown drastically diminished the preponderance of GJ puncta at the areas of cell-cell contact (Fig. 10B, 1st column, compare 1st and 2nd rows  with 3rd and 4th rows) and enhanced accumulation of Cx43 in the cytosol both in A431D-43 and A431DE-43 cells (Fig. 10B, 2nd and  4th rows, right and left panels) . Knockdown of lamin A/C, a nuclear membrane-associated protein (data not shown), or mock transfection of control siRNAs (SiGLO) had no discernible effect on the formation of GJs (supplemental Fig. S12B ). These findings suggest that ZO-1 is required to initiate and/or stabilize the formation of gap junctional plaques both in cadherin-null (A431D) and E-cadherin-expressing (A431DE) cells.
DISCUSSION
It is as yet unknown how the docking of connexons and the clustering of gap junctional channels are initiated upon cell-cell contact. Cadherins have been thought to facilitate the assembly of GJs by enhancing cell-cell contact; however, the molecular mechanisms involved in this process have remained unexplored. Here, we investigated whether E-cadherin expression was sufficient to facilitate the assembly of connexons into GJs via triggering cell-cell adhesion or whether additional events were required. To further explore the molecular mechanisms, we also examined the role of the carboxyl tail of Cx43, a ubiquitously expressed Cx (2, 18, 22) , and of Cx32, a Cx expressed preferentially by the well differentiated and polarized cells (23) , in controlling the formation of GJs in the presence and absence of E-cadherin. The rationale behind undertaking these studies was that the carboxyl termini of Cxs are highly divergent, are phosphorylated by several kinases, and interact with several proteins (21, 22) , which might allow assembly to be regulated promiscuously by cadherins in a Cx-specific manner. For our studies, we utilized cadherin-null A431D cells, which have been used to examine adherens junc-FIGURE 8. Connexin43 and ZO-1 puncta are formed on F-actin at cell-cell contact. A431D-43 (top row) and A431DE-43 (bottom row) cells, seeded on glass coverslips, were immunostained for Cx43 (green) and ZO-1 (red). F-actin (blue) was detected using Alexa Fluor 350-conjugated phalloidin. The magnified images of co-localized Cx43, ZO-1, and F-actin are shown on the right, and the key describing the corresponding images in color is shown in the middle. Note that significant co-localization of Cx43, ZO-1, and F-actin is observed only at puncta and at the regions of cell-cell contact. Bar, 5 m. FIGURE 9. E-cadherin delays gap junction disassembly. A431D-43 and A431DE-43 cells, seeded on glass coverslips, were treated with cytochalasin B at 1 g/ml (labeled CT-B) for 1-6 h and immunostained for Cx43 and ZO-1. F-actin was detected with Alexa Fluor 350-conjugated phalloidin. Note that co-localized GJ puncta of Cx43 and ZO-1 are disrupted/internalized within 1 h in A431D-43 cells, whereas no detectable disruption/ internalization is noticed in A431DE-43 cells within 1 h and even until 6 h (supplemental Fig. S11) . Bar, 5 m. CONT, control.
tion assembly in previous studies (19, 20) . Our findings documented that E-cadherin-mediated cell-cell adhesion was neither essential nor sufficient to initiate the formation of GJs de novo in A431D cells and facilitated the growth and assembly of only preformed GJs composed of Cx43. Growth of cells on Transwell filters was required to initiate the assembly of Cx32. Our findings also demonstrate a novel and an essential role of the carboxyl termini of Cx43 and Cx32 in initiating the formation of GJs de novo in A431D cells. Moreover, our studies further document that ZO-1 is required to initiate or stabilize GJs composed of Cx43 and that direct or indirect cross-talk between Cxs and the actin cytoskeleton via ZO-1 may be essential for GJ assembly.
Our biotinylation data showed that even though both Cxs trafficked normally to the cell surface (Fig. 3) , only Cx43 was able to assemble into GJs (Fig. 1A) . Moreover, E-cadherin expression facilitated the assembly of only Cx43 and failed to induce the assembly of Cx32 (Fig. 1A) . These data suggest that the assembly of Cxs into GJs upon arrival at the cell surface is subject to regulatory mechanisms at the site of cell-cell contact that are likely to be Cx-specific and that cell-cell adhesion by itself is not sufficient to initiate the assembly. Because expression of Cx32 and Cx43 by itself neither triggered nor augmented E-cadherin-mediated cell-cell adhesion (supplemental Fig. S4 ), these regulatory mechanisms are likely to be cell-cell adhesion-independent, at least with regard to the type of adhesion measured by cell-cell aggregation assay, which has been widely used to document cell-cell adhesion mediated by cadherins (19, 32) as well as by Cxs (47, 48) . Although previous studies have demonstrated an important role of cell-cell adhesion in facilitating GJ assembly (12) (13) (14) (15) , our findings do not rule out the causative role played by other cellcell adhesion mechanisms that are independent of E-cadherin and connexins. Notwithstanding that such cell-cell adhesion systems likely exist in A431D cells, for example those mediated by nectins, NCAM, and JAMS, etc. (9, 10), they were insuffi- cient to trigger the assembly of Cx32 in monolayer cultures, which suggests that the assembly was regulated promiscuously in a Cx-specific manner both in the presence and absence of E-cadherin.
With regard to the assembly of Cx43, E-cadherin expression not only increased the mean size of the GJs but also decreased the mean number of puncta per interface by 2-fold (supplemental Fig. S1 and Fig. S2 ). One plausible explanation for these data might be that formation of cadherin transdimers, or adherens junctions, initiates a signaling pathway that facilitates the coalescence of smaller puncta, which are highly dynamic and unstable (49, 50) , into larger ones without affecting the frequency of plaque initiation, possibly via altering actin dynamics at the site of cell-cell contact (45) . This explanation is in accord with the findings, which showed that expression of E-cadherin not only induced cell-cell adhesion in A431D cells (supplemental Fig. S4 ) but also stabilized expression and recruited ␣-and ␤-catenins to the site of cell-cell contact (Fig. 1,  B and D) . Moreover, this explanation is also in congruence with the findings that formation of cadherin trans-dimers appears to leave a distance of 20 -25 nm between contiguous plasma membranes (10, 51) , which is likely to hinder the docking of connexons that can protrude from the cell surface at the most by a few nanometers. Our findings with A431D cells showed that the assembly was triggered in the absence of measurable cell-cell adhesion, which had been presumed to be necessary.
Our data with cadherin-null A431D cells have unveiled a previously unrecognized essential role of the carboxyl tails of Cxs in initiating the assembly of GJs. In congruence with the findings reported in other studies, the carboxyl tail-deleted Cxs and the EYFP-tagged chimeras used in this study formed GJs in HEK293, HeLa, and the human prostate cancer cell line LNCaP. One possible explanation for these data is that in cadherin-null A431D cells, the linkage of Cxs to actin via carboxyl termini may be required to prime the initiation of GJ plaques before their maturation into larger plaques, as has been demonstrated during the genesis of adherens junctions (52) (53) (54) , and that the requirement for this linkage is either bypassed or compensated by alternative pathway(s) used to assemble GJs when cadherins are present such as in N-cadherin-expressing HeLa and HEK293 cells and E-cadherin-expressing LNCaP cells (24, 55) .
The carboxyl termini of Cxs interact with several proteins, such as ZO-1 and ZO-2, which are thought to form scaffolding complexes that link Cxs to the cytoskeleton (21, 22) . Our findings showed that GJs were formed on actin-rich fibers at the areas of cell-cell contact where ZO-1 and Cx43 co-localized extensively (Fig. 8) . Moreover, ZO-1 did not co-localize with Cx43-EYFP, Cx43⌬363, Cx43⌬257, and Cx43⌬257-EYFP, which failed to assemble into GJs in A431D cells (Fig. 7) . Furthermore, GJs were disassembled within 1 h after cytochalasin B treatment in cadherin-null A431D43 cells, and the disassembly was delayed in E-cadherin-expressing A431DE-43 cells. Although the interaction of ZO-1 with Cx43 has been shown to modulate GJ assembly and disassembly, the mechanisms have not yet been elucidated. Our data imply that, at least in A431D and A431DE cells, a direct or indirect interaction between Cx43 and actin via ZO-1 may be required to initiate the formation of nascent GJ plaques or to stabilize them, and this interaction might be further strengthened by E-cadherin via ␣-catenin as has been observed during the formation of adherens junctions (52, 54) . This explanation is in accord with our data, which showed that junctional plaques were more stable in E-cadherinexpressing A431DE-43 cells compared with cadherin-null A431D-43 cells. This notion is further substantiated by our data, which show that ZO-1 knockdown attenuated GJ assembly both in A431D-43 and A431DE-43 cells (Fig. 10) , and by our findings demonstrating the failure of Cx43-EYFP, Cx43⌬363, Cx43⌬257, and Cx43⌬257-EYFP (which do not bind ZO-1) to assemble into GJs. This line of thought is further supported by the studies, which showed that the specific interaction between the PDZ2 domain of ZO-1 and Cx43 was required for GJ assembly but not for trafficking to the cell surface (56, 57) . Our data also support the conclusions drawn from earlier studies, which showed that the clustering of cell-cell channels to form nascent GJ puncta and their incorporation into the plaques, but not the maintenance of matured GJ plaques, was dependent on an intact actin cytoskeleton (58 -60) .
The above arguments may also apply to the assembly of Cx32 into GJs in cells grown on Transwell filters. For example, Cx32 is predominantly expressed by well differentiated and polarized cells (23) , and it is likely that its assembly into GJs might also be governed by the appropriate expression of proteins that maintain or are induced upon partial polarization and that allow it to interact with the cytoskeletal proteins via its carboxyl terminus. The acquisition of the polarized state is accompanied not only by extensive remodeling of cytoskeletal elements but also by recruitment of several protein complexes to the areas of cellcell contact such as Crumbs complex and the partitioning defective complex (35, 46, (61) (62) (63) . Connexin32, apart from interacting with caveolin-1 and Cx26, has been shown to interact with occludin, a tight junction-associated protein that binds ZO-1 (21), and with Discs Large Homolog-1 (64), a protein with multiple PDZ binding domains expressed in well differentiated and polarized cells. Moreover, this line of thought is consistent with the failure of carboxyl tail-deleted Cx32⌬220 and Cx32⌬220-EYFP to assemble into GJs in cadherin-null and E-cadherin-expressing cells (Fig. 6 ).
An intriguing aspect of the data with respect to the assembly of Cx32 on Transwell filters is that despite robust formation of GJ puncta and their detergent insolubility (Fig. 4) , the channels did not permit the transfer of GJ-permeable fluorescent tracers, such as Lucifer Yellow, Alexa Fluor 488, and Alexa Fluor 594 (Table 2) , which are known to pass through these channels (3) . In this regard our data showed that when grown on Transwell filters for 3-6 days, A431D and A431DE cells, while becoming more columnar as assessed by a 2-fold increase in cell height compared with cells grown on plastic (supplemental Fig. S7 ), failed to attain a fully polarized state as assessed by the random orientation of Golgi stacks and distribution of ␤1-integrin, ZO-1, and Na-K-ATPase at the apical and basolateral domains (supplemental Fig. S7 ). Although there may be several explanations for these findings, one plausible explanation is that additional physiological stimuli or acquisition of a fully polarized state may be required to open these channels. Alternatively, GJs may serve yet another function independent of communication when cells have acquired a polarized state, which is known to last from minutes to days or even years (46, 62, 63) . The role of gap junctional communication in maintaining the polarized and the differentiated state of epithelial cells has not yet been investigated. Recent studies have shown that formation of GJs is required to induce the assembly of tight junctions or to maintain them (65) . The fact that cell polarization also enhanced the assembly of Cx43 into gap junctions in cadherin-null A431D-43 cells, and E-cadherin expression had no further effect, suggests that its assembly might also be regulated by proteins that are induced upon polarization and that may allow maturation of gap junctional puncta in the absence of E-cadherin expression. Although the molecular mechanisms involved in the assembly of Cx32 into GJs in cells grown on Transwell filters remain to be investigated, our findings imply that distinct regulatory mechanisms are utilized to initiate its formation into nascent gap junctional plaques, the choice of which is likely dictated by the physiological state of the cells.
What might be the possible physiological relevance of E-cadherin-mediated facilitation of GJ assembly with regard to increase in plaque size, stability, and function of cell-cell channels? The number of channels in a given GJ plaque may range from 50 to over 10,000, and there is a wide range of variation in the size of GJs formed between two adjacent cells (3, 66) . Moreover, clustering of cell-cell channels and increase in GJ size and function in response to polypeptide hormones is frequently observed (67) . Furthermore, it has been demonstrated that clustering of cell-cell channels is a prerequisite for the opening of cell-cell channels and that larger GJ plaques have more open channels compared with smaller plaques in which most channels remain closed (68) . Although our data showed that E-cadherin expression had no discernible effect on the permeability of fluorescent tracers, such as Lucifer Yellow, Alexa Fluor 488, and Alexa Fluor 594, it is possible that permeability to physiologically relevant molecules or to smaller molecules less than 443 Da was enhanced upon E-cadherin expression, which increases the frequency of larger GJ plaques in A431DE-43 cells. Alternatively, E-cadherin-mediated increase in GJ plaque size and stability may facilitate the assembly of other junctional complexes, which are required to maintain the polarized and differentiated state of epithelial cells (62, 63) . More elaborate studies with a variety of cell-cell adhesion molecules are needed to assess further the physiological significance of our findings with respect to the functional role of gap junctional communication.
In essence, our studies with human A431D squamous carcinoma-derived cells have shown that the assembly of Cx43 and Cx32 upon arrival at the cell surface is regulated differently both in the absence and presence of E-cadherin, although the molecular nature of the mechanisms involved remains to be elaborated. We have also shown that E-cadherin-mediated cellcell adhesion facilitates the assembly of GJs composed of Cx43 but is not sufficient to induce the assembly of Cx32. Using A431D and A431DE cells, we have uncovered a role for the carboxyl tails of Cx43 and Cx32 in initiating the de novo formation of GJs, which had remained previously unrecognized. Our data also imply that direct or indirect cross-talk between carboxyl tails of Cxs and actin cytoskeleton via ZO-1 may regulate GJ assembly and growth. The fact that our findings pertaining to the role of E-cadherin and ZO-1 in regulating the assembly of Cxs into GJs in A431D cell culture model systems are different from those reported in other cell culture models implies that multiple regulatory mechanisms are likely utilized in a physiological state, cell context, and internal and external milieu-dependent manner to control GJ size, dynamics, and growth. Future studies will be needed to fully understand and elaborate the molecular mechanism by which E-cadherin expression facilitates the assembly of Cx43 into GJs, how cross-talk between Cx43 and actin via ZO-1 regulates plaque dynamics and assembly, and how cell growth on Transwell filters facilitates the assembly of Cx32 into GJs.
